Three hyperthermophilic sulfur-dependent heterotrophs were isolated from a shallow submarine hydrothermal system at an inlet of Kodakara-jima island, Kagoshima, Japan. The isolates grew at 60 to 97°C, with the optimum temperatures at 85 to 90°C. Sensitivity to rifampin and the existence of ether lipids indicated that the isolates are hyperthermophilic archaea. Partial sequencing of the genes coding for 16S rRNA showed that the three isolates are closely related to the genus Thermococcus. In the last decade, large numbers of anaerobic sulfurdependent heterotrophic hyperthermophiles have been isolated from solfataric fields and submarine hydrothermal systems (24). Most of the marine forms belong to the domain Archaea, with the exception of the genus Thermotoga (2, 11, 13).
In the last decade, large numbers of anaerobic sulfurdependent heterotrophic hyperthermophiles have been isolated from solfataric fields and submarine hydrothermal systems (24) . Most of the marine forms belong to the domain Archaea, with the exception of the genus Thermotoga (2, 11, 13) .
Heterotrophic microorganisms, especially mesophilic eubacteria, utilize a variety of organic substances including carbohydrates, organic acids, amino acids, alcohols, etc., as sole carbon and energy sources. Most of the So-dependent hyperthermophilic heterotrophs isolated from marine hydrothermal vents require complex proteinaceous substrates (15, 16, 26) . In a previous study, we have found that two of these isolates, Desulfurococcus strain SY and Pyrococcus strain GB-D, require 11 amino acids for growth (9) . At this point, it is not clear whether these requirements are characteristic of hyperthermophilic So-dependent heterotrophs.
Growth of Thermococcus celer was reported to be stimulated by sucrose in the presence of yeast extract (30) . Pyrococcus furiosus has been reported to grow on peptides (enzymatically hydrolyzed casein) but not on single-amino-acid mixtures and to utilize maltose as a carbon and energy source only if peptides are supplemented in the medium (23) .
In this paper, we characterize three newly isolated hyperthermophilic S"-dependent heterotrophic archaea and their amino acid requirements. In comparative studies, amino acid requirements of P. fuiriosus DSM 3638, T. celer DSM 2476, and a hyperthermophilic eubacterial heterotroph, Thertnotoga neapolitana DSM 4359, were also determined.
MATERIALS AND METHODS
Samples. Three samples of submarine hydrothermal sediments were collected at an inlet of Kodakara-jima island (29°13'N, 129°20'E; depth, 3 to 10 m) by scuba diving during the cruise of the research vessel Sohgen-maru in 1991.
Organisms. T. celer DSM 2476, P. firtosus DSM 3638, and T. neapolitana DSM 4359 were obtained from the Deutsche Sammlung von Mikroorganismen, Braunschweig, Germany.
Isolation and cultivation of hyperthermophiles. The collected samples were processed in the ship's laboratory on the Sohgen-maru. Seawater samples (1 ml) or approximately 0.5-g samples of sediments were suspended in 30-ml Hungate tubes (Sanshin Kogyo Co., Ltd., Yokohama, Japan) in an anaerobic glove box (ANX-1; Hirasawa Co., Ltd., Tokyo, Japan) containing 80% N2, 10% H2, and 10% CO2. The medium contained 20 ml of artificial seawater (ASW) (14) with 5 ml of trace element solution liter-' (28) and was modified by supplementation with 2.5 g of yeast extract * liter-' and 1% (wt/vol) S0 (15 Amino acid requirements. Amino acid requirements of the three isolates were determined as described previously (9, 14) . In order to test P. furiosus, T. celer, and T. neapolitana, media from which organic substrates were omitted were prepared according to Fiala and Stetter (8) , Zillig et al. (30) , and Childers et al. (7), respectively. The media contained 8 mM BTP as a buffer and 2-mg * liter-' NiCl2 * 6H20, 2-mg * liter-' Na2WO4* 2H20, and 3-mg * liter-' Na2SeO3 -5H20 as additional trace elements.
Sulfide analysis. The sulfide production from S was monitored by high-pressure liquid chromatography apparatus (HPLC) equipped with UV-8010 and CM-8010 detectors (Tosoh Co., Ltd., Tokyo, Japan). The samples were passed through a sterile syringe filter (0.2-,um pore size; Corning Glass Works, Corning, N.Y.) before injection into the TSKgel ICAnion-PW (4.6 mm [inside diameter] by 5 cm; Tosoh Co., Ltd.) and eluted with 4 mM potassium phosphate buffer (pH 9.1) at a flow rate of 1.0 ml -min-' with a column oven temperature of 30°C.
H2 and CO2 analysis. Hydrogen and carbon dioxide productions were determined by gas chromatography (Shimadzu [Kyoto, Japan] GC-14A equipped with C-R4A) with an active carbon column (30/60 mesh, 3 mm [inside diameter] by 2 m) with helium as the carrier gas at a flow rate of 50 ml -min-(injection temperature, 120°C; column temperature, 100°C; detection temperature, 120°C).
Light microscopy. Growth was monitored by epifluorescence microscopy (10) . The Electron microscopy. Transmission electron microscopy of negatively stained preparations and ultrathin sections was performed as described by Kurr et al. (18) . Stained samples and sections were observed in a Hitachi H-7000 transmission electron microscope (Hitachi Co., Ltd., Tokyo, Japan).
Sensitivity to antibiotics. The growth of the hyperthermophiles was examined in the presence of 100 jig of rifampin, streptomycin, vancomycin, or chloramphenicol per ml.
Lipid analysis. Lipids were extracted according to the method of Bligh and Dyer (5) . Phospholipids were prepared according to the method of Langworthy et al. (19) . Phospholipids were methanolyzed (10% MeOH-HCl) at 100°C for 18 h, and the released, core lipids were separated by thin-layer chromatography with the solvent n-hexane-diethylether-acetic acid (70:30:10). The core lipids were identified as glycerol ether lipids by fast atom bombardment mass spectrometry (FAB-MS) (JMS-SX102; JEOL, Tokyo, Japan) and 'H nuclear magnetic resonance ('H-NMR) and '3C-NMR (UNITY 500; Varian, Calif.) spectra. Authentic glycerol ether lipid standards from Sulfolobus solfataricus were kindly provided by Y. Koga and M. Nishihara (University of Occupational and Environmental Health, Kitakyushu, Japan).
DNA base composition. Cell pellets (about 3 g) of hyperthermophiles were suspended in 10 ml TNE buffer (20 mM Tris-HCl, 100 mM NaCl, 1 mM Na2-EDTA; pH 8.0) containing 1% (wt/vol) sodium dodecyl sulfate and 0.1% (vol/vol) Triton X-100 and incubated at 4°C overnight. After the addition of proteinase K (0.1 mg/ml; Nacalai Tesque, Kyoto, Japan), the mixtures were incubated at 50°C for 4 h. Then, the DNA was prepared according to Sambrook et al. (22) .
The GC content of DNA was determined by direct analysis of the nucleotides (12, 31) with a DNA-GC kit (Yamasa Co., Ltd., Tokyo, Japan). Calf thymus DNA (42 mol% G+C; Sigma) was used as a reference.
Partial sequencing of DNA encoding 16S rRNA. The DNA sequences (rDNA) encoding 16S rRNA of isolates KS-1, KS-2, and KS-8 were analyzed according to the following method. Approximately 1.4 kb of 16S rDNA was amplified by PCR with total DNA of the three isolates and a pair of primers (5'CG GTTGATCCTGCCGG3' and 5'GACGGGCGGTGTGTG CAAGG3'). Thirty amplification cycles of 1 min at 94°C, 2.5 min at 58°C, and 2.5 min at 72°C were performed. By use of the purified PCR products and a sequencing primer (5'AGGAAT-TGGCGGGGGAGCAC3', positions 915 to 935), approximately 120 bases of sequences were determined by a DNA sequencer (ABI 373A; Applied Biosystems, Inc.). The sequences were aligned with some species of hyperthermophilic archaea registered in the DNA Data Bank of Japan (National Institute of Genetics, Shizuoka, Japan). Numbers of base substitutions per site were estimated by the method of Kimura (17) . KS-2), and (KS-8) (Fig. 1b) . Nonrane of thNiolteCge concentrations for growth was 1 to 5%, with the optimum at ca. 2% (Fig. lc) Fig. 2a and b) . In cross-sections, the fibers appeared to be tubular in structure ( Fig. 2d and e) . The tubes branched and had a 100-to 150-nm outer diameter and a 70-to 110-nm inner diameter. The cells of strain KS-8 were smaller than those of the other two isolates and had a few polar flagella (Fig. 2c) . Electron microscopy of thin sections of the three isolates showed a cell wall of approximately 50-nm thickness. No typical subunit structure of the S-layer was clearly discerned in the cell envelope; similar cell envelope structures have been reported in some hyperthermophilic archaea (8, 15, 25, 30) . Sensitivity to antibiotics. The three isolates were insensitive to 100 ,ug of chloramphenicol, vancomycin or streptomycin per ml but sensitive to the same concentration of rifampin.
RESULTS
Lipids. Core lipids of KS-1, KS-2, and KS-8 in comparison isolates KS-1, KS-2, and KS-8 were 55.0, 53.2, and 50.6 mol%, respectively. 16S rDNA analysis. In comparisons of 16S rDNA sequences, three isolates showed a close relationship to T. celer, as indicated by estimated base substitutions of 0.009 (KS-1), 0.079 (KS-2), and 0.000 (KS-8) per 120 nucleotides (Table 3) .
Essential amino acids. For the isolate KS-1, nine amino acids (Thr, Leu, Ile, Val, Met, Phe, His, Arg, and Tyr) were essential for growth (Fig. 3) . Strain KS-2 required Lys in addition to the above nine amino acids. Strain KS-8 required Lys instead of Tyr in the above nine amino acids. None of the isolates required Trp, and all grew on Casamino Acids or gelatin, both of which lack Trp. The lag phases of all three isolates were extended for more than 10 h when the organisms were grown on amino acid mixtures as the sole carbon and energy sources. While T. celer required 10 amino acids (Thr, Leu, Ile, Val, Met, Phe, Tyr, Trp, Lys, and Arg), P. furiosus required only Ile and Val (Fig. 3) , although they exhibited a very long growth lag, i.e., over 70 h (e.g., it grew 136 h after inoculation in the case of a Met-lacking amino acid mixture).
The three isolates grew on glucose in addition to 20 amino acids, but not on maltose or pyruvate (Table 4 ). In the absence of those 20 amino acids, glucose did not support growth, but it was restored by the addition of 0.1 % of the amino acid mixture (Fig. 4) . The eubacterial hyperthermophile T. neapolitana did not require amino acids for growth (Fig. 3 ). well as P. furiosus and T. celer indicate that growth on proteinaceous substrates depends on their specific essential amino acid contents. The fact that the new isolates grew on proteins in the absence of free amino acids indicates the presence of protease activity (data not shown). Protease activity has been also shown in Desulfurococcus strain SY (9) and P. furiosus (6) .
DISCUSSION
An undetermined trace metal composition of the growth media may contribute to differing growth results discussed in the literature. The need for trace elements such as Fe, Co, Zn, Cu, Al, Mo, Ni, and W is not mentioned in the study on amino acid requirements of P. furiosus (23) . Since metal-containing enzymes, such as Ni-hydrogenase (1), W-Fe aldehyde ferredoxin oxidoreductase (20) , and Zn-substituted rubredoxin (3, 4) , have been reported in P. furiosus, it is likely that substantial concentrations of the corresponding metals are required in the medium. We observed growth of P. furiosus on the 20-aminoacid mixture in the presence of the above trace metals with a long lag (over 70 h) but not in the absence of them (data not shown). An analysis with an inductively coupled plasma spectrometer (ICPS-1000III; Shimadzu) showed that yeast extract (Difco) contained 71.0 ,ug of Fe per g, 7.1 ,ug of Co per g, 130.7 ,ug of Zn per g, 10.4 ,ug of Mo per g, 4.6 jig of Ni per g, and 10.4 ,ug of W per g (unpublished data). We propose, therefore, that P. furiosus was able to grow on yeast extract medium without a supplement of trace elements.
Since P. furiosus and T. celer utilized carbohydrates in the presence of yeast extract, the glycolytic pathway has been suggested (20) . The three new isolates, however, did not grow on maltose or pyruvate even in the presence of an amino acid mixture (Table 4 ). Maltose and pyruvate may have some inhibitory effect on the growth of the isolates.
The specificity of the described amino acid requirement is worth further consideration. The eubacterial hyperthermophilic heterotroph T. neapolitana grew on carbohydrates as a sole carbon and energy source (2, 13) without requiring the amino acid supplement. The hyperthermophilic archaea and bacteria both occur at the lower archaeal and bacterial branches of the phylogenetic tree proposed by Woese et al. (27) . The three new isolates showed amino acid requirements similar to those of T. celer. This close taxonomic relationship was also supported by 16S rDNA analysis. However, the amino acid requirement of P. furiosus is different from that of Pyrococcus strain GB-D. The difference in their amino acid requirements may be important for their occurrence in different ecological niches.
